Gene silencing (RNA silencing) plays a fundamental role in antiviral defense in plants, fungi and invertebrates. Viruses encode proteins that suppress gene silencing to counter host defense. Viral suppressors of RNA silencing (VSRs) have been identified from almost all plant virus genera and some viruses of insects and mammals. Recent studies have revealed that VSRs counter host defense and interfere with host gene regulation by interacting with RNA or important components of the RNA silencing pathway. Here, we review the current understanding of the complex mechanisms of VSRs that have been revealed by recent studies.
RNA silencing and RNA-based virus immunity
In most eukaryotes, including plants, fungi, invertebrates and mammals, gene silencing (RNA silencing) refers to the mechanism of gene expression regulation by several classes of small RNAs in a sequence-specific manner. RNA silencing plays a fundamental role in regulating development, maintaining genome stability and responding to environmental stress. As RNA silencing also contributes to antiviral immunity in plants, fungi and invertebrates, it is an important part of innate immunity. When RNA silencing is used to defend against viruses, it is also referred to as RNA-based virus immunity (RVI) [1] .
The key molecules in gene silencing are small RNAs, including siRNA, miRNA and piRNA [2] . siRNA and miR-NA are both produced by Dicer or Dicer like (DCL), an RNase III nuclease. In general, siRNAs are produced from long dsRNA, while the precursor of miRNA is hairpin-like RNA (hpRNA) [3] . Small RNA molecules are loaded onto RNA-induced silencing complexes (RISC), which are composed of Argonaute (AGO) and other related proteins, which guide cleavage of the target RNA, inhibition of translation of the target mRNA or genome DNA methylation [4] . To amplify siRNAs, RNA-dependent RNA polymerases (RDRs) convert single stranded RNA into dsRNA to produce secondary siRNA [5] .
The pathway of RVI can be divided into four major steps: (i) Viral RNAs are sensed and processed into virus-derived siRNA (vsiRNA) by Dicer; (ii) RDRs and other proteins participate in the amplification of vsiRNA; (iii) vsiRNAs are assembled into RISC to degrade viral RNAs or mediate the methylation of viral DNA; and (iv) systemic RNA silencing and systemic antiviral defense are established [6] .
Four DCL genes, six RDR genes and 10 AGO genes were identified in the model plant Arabidopsis thaliana. Among the four DCL genes, DCL4 and DCL2 are the most important in producing vsiRNA in a hierarchical manner, producing 21-nt and 22-nt vsiRNA molecules, respectively. DCL4 is the primary gene responsible for producing 21-nt vsiRNA, while DCL2 processes viral RNAs into 22-nt vsiRNA when the function of DCL4 is inhibited or lost.
SPECIAL TOPIC
DCL3 produces 24-nt vsiRNA [7] [8] [9] [10] . Among the six RDR genes, RDR1 and RDR6 have been established as participating in antiviral defense [8, [11] [12] [13] . RDR1 and RDR6 both participate in the amplification of secondary vsiRNA, but their respective vsiRNA products are derived from different viral genomic regions. Thus, it has been speculated that the substrates recognized by RDR1 and RDR6 are different. It is possible that RDR1 recognizes the aberrant viral RNA molecules that are derived during virus replication, while RDR6 molecules could be recruited to viral mRNAs [14, 15] . AGO1 and AGO2 participate in antiviral defense in a cooperative manner [14, 16] , as both have the ability to bind vsiRNA. However, the two AGOs select vsiRNAs according to their length and the 5′ terminal nucleotide. AGO1 preferentially binds to 21-nt vsiRNA with U, while AGO2 preferentially binds to vsiRNA with A, as the 5′ terminal nucleotide [17] .
The viral proteins known as VSRs have the ability to inhibit RNA silencing. In 1998, the HC-Pro and 2b proteins encoded by tobacco etch virus (TEV) and cucumber mosaic virus (CMV), respectively, were the first VSRs identified [1820]. Currently, VSRs have been identified in almost all plant virus genera and in some insect and mammalian viruses, but have not exhibited any similarity in sequence or structure [21] . Recent studies have revealed that VSRs interact with multiple components of the RNA silencing pathway, inhibiting RNA silencing through multiple mechanisms ( Figure 1 ).
Mechanisms of viral suppressors of RNA silencing

VSRs target RNA components of RNA silencing
A common strategy by which many identified VSRs interfere with the RNA silencing pathway is to bind long dsRNA or siRNA. Table 1 shows a group of VSRs that have the ability to bind dsRNA without size selection. B2, the VSR encoded by flock house virus (FHV), contains a dsRNA binding domain and binds various lengths of dsRNA in a dimer form. B2 inhibits the processing of long dsRNA into siRNA in vitro [22] and suppresses RNA silencing when it is expressed in cells prior to the introduction of long dsRNA. B2 interacts with viral dsRNA replication intermediates (vRI-dsRNA) in the FHV-infected Drosophila cells and represses the accumulation of vsiRNA during FHV infection. FHV with deficient B2 cannot accumulate in wild type Drosophila cells, but this accumulation is rescued in Drosophila cells with a Dicer-1 mutation. These results suggest that B2 interacts with vRI-dsRNA to protect the viral RNAs from being processed by Dicer [23] . P14, which is encoded by the Pothos latent aureusvirus (PoLV), also has the ability to bind dsRNA without size selection. Although P14 suppresses the accumulation of vsiRNA, the accumulation of viral genomic RNAs is not affected by the absence of P14, implying that the function of P14 is different from B2. Leaves infected systemically with the P14-deletion mutant of PoLV recover from the symptoms of infection, suggesting that P14 might inhibit systemic antiviral defense [24] . The 2b proteins encoded by tomato aspermy virus (TAV) and CMV have the ability in vitro to bind dsRNA of 20-30 bp [25, 26] . TAV 2b constitutes two α-helix structures and forms homodimers. The dimer recognizes two α-helical turns of an A-form RNA duplex using a pair of hook-like structures that comprises four α-helix structures. The TAV 2b dimer further oligomerizes to form a tetramer [27] .
Crystal studies of P19 encoded by carnation Italian ringspot virus (CIRV) and tomato bushy stunt virus (TBSV) have shown that P19 forms a homodimer and specifically binds siRNA within the duplex region. P19 has a high affinity for 19-bp dsRNA with blunt ends or a 2-nucleotide 3′ overhang [28] [29] [30] . In a Drosophila in vitro system, P19 prevents siRNA incorporation into RISC, but it does not prevent the assembled RISC from degrading the target RNA. The binding of P19 to vsiRNA has been confirmed by immunoprecipitation and gel filtration assays. However, both P19-deficient and wild type cymbidium ringspot virus (CymRSV) accumulate at similar levels in both protoplasts and inoculated leaves, indicating that P19 does not prevent RISC from degrading viral RNAs by sequestering vsiRNA [31, 32] . In the systemic leaves, the P19-deficient CymRSV accumulates only in the vascular bundles and exhibits defects in invading the surrounding tissues [33] . Recent studies have shown that P19 specifically sequesters the DCL4-dependent 21-nt siRNAs derived from transgene RNAs, which move into the neighboring recipient cells and act as a silencing signal [34] . These results imply that P19 promotes systemic virus infection by sequestering the vsiRNA, preventing the signal for RNA silencing from spreading out of vascular bundles into neighboring cells.
Other VSRs bind to dsRNA in a size-selective manner, such as HC-Pro which is encoded by TEV, P21 which is encoded by beet yellows virus (BYV) and P122 which is encoded by tobacco mosaic virus (TMV). These VSRs preferentially bind to siRNA/miRNA with a 2-nt 3′ overhang. They also inhibit the incorporation of siRNA/miRNA into RISC in vitro but do not interfere with programmed RISC activity [32, 35] . P122 and HC-Pro have been shown to suppress 3′-end methylation of miRNA and siRNA, respectively, possibly by competing with HEN1 methyltransferase for binding to miRNA/siRNA and thus interfering with the incorporation into RISC [35] [36] [37] .
Sweet potato chlorotic stunt virus (SPCSV) encodes an RNA endoribonuclease III (RNase 3) that suppresses RNA silencing through a novel mechanism [38, 39] . RNase 3 consists of an RNase domain and a dsRNA binding domain and cleaves siRNAs of 21-24 bp into 14-bp fragments in vitro, which are inactive in RNA silencing. The expression of RNase 3 inhibits the accumulation of siRNA originating from the host, but does not significantly change the siRNA derived from the virus. These data suggest that RNase 3 cleaves the siRNA that originates from the host, but not that derived from the virus itself [39] . However, long dsRNA is another possible target for RNase 3 [21] .
VSRs target AGO proteins
AGO proteins that bind small RNAs to assemble the active RISC are important effectors in RNA silencing. This family of proteins consists of PAZ, MID and PIWI domains. The PAZ domain specifically binds siRNA with a 2-nt 3′ overhang, and the PIWI domain is similar to the RNase H domain and has RNA cleaving activity. The AGO proteins known as Slicers cleave target RNAs via the PIWI domain, while other AGO proteins recruit additional proteins into RISC to mediate translation repression or transcriptional gene silencing (TGS) [40] .
Many VSRs have been shown to bind AGO proteins. The 2b protein encoded by CMV was the first protein identified that binds AGO1 and AGO4 in vivo. AGO1 is the major effector in both miRNA-directed and virus-induced RNA silencing. The 2b protein is co-localized with AGO1 both in the cytoplasm and nucleolus [41] . Bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation (Co-IP) assays have shown that 2b interacts directly with the PAZ and PIWI domains of AGO1, leading to the inhibition of slicer activity of AGO1 [42] . 2b also interacts directly with AGO4 in the nucleolus [43] . AGO4 binds to 24-nt long repeat-associated siRNA (ra-siRNA) to participate in RNA-directed DNA methylation (RdDM) [17, 44] . 2b competes with AGO4 for binding to 24-nt ra-siRNA and suppresses the DNA methylation that is mediated by AGO4 [43] . The influence of the inhibition by 2b of RdDM on virus replication or spread remains to be investigated. Protein P0 from beet western yellows virus (BWYV) suppresses RNA silencing by interacting with AGO1 and promoting its degradation [52] [53] [54] [55] . The fact that P0 does not inhibit the slicer activity of the programmed AGO1-siRNA/miRNA complex, but prevents de novo formation of an AGO1-containing high-molecular-weight (>670 kD) RISC-like complex in vivo, implies that P0 does not directly interact with AGO1 [56] . Early studies have shown that P0 interacts with the Arabidopsis S-phase kinase-related proteins (SKP) ASK1 and ASK2, which are components of SKP1/Cullin1/F-box/RBX1 (SCF) E3 ubiquitin ligase 3, via its F-box motif in the N-terminal region [57] . However, the speculation that AGO1 is targeted by P0 for ubiquitination and proteasome-dependent degradation is not consistent with the fact that P0-mediated AGO1 degradation is insensitive to proteasome inhibitors [53] . Indeed, P0 enhances accumulation of K48-linked ubiquitinated proteins, including AGO1, but this activity is independent from the RNA silencing suppressor activity [56] . The relationship between the P0-SKP interaction and the RNA silencing suppressing function of P0 remains to be resolved.
Two recent studies have illustrated that P38 from TCV and P1 from sweet potato mild mottle virus (SPMMV) use a new strategy for binding AGO proteins [58, 59] . These two VSRs mimic the endogenous GW/WG repetitive motif that is used for interacting with AGO proteins. GW/WG motifs have been identified in many silencing-related proteins, which include NRPD1a, the largest subunit of RNA polymerase V (Pol V) in plants. These silencing-related proteins are recruited by AGO proteins into RISC or RdDM complexes in Drosophila [60] [61] [62] . These motifs serve as "AGO-hooks".
Two GW/WG motifs were identified at the N-terminal and C-terminal regions of P38. The interaction between AGO1, AGO4 and the GW/WG motifs was detected in vitro, but P38 specifically interacted with AGO1 and not AGO4 in vivo [58] . There are several findings that indicate that P38 inhibits the activity of AGO1 to promote virus infection. Point mutations in the two GW repeats abolish both the interaction between P38 and AGO1 and the suppression of silencing by P38. TCV carrying the mutant P38 protein is partially rescued in ago1-mutant A. thaliana plants [58] . Also, the accumulation of host miRNA that is dependent on AGO1 is reduced dramatically during TCV infection [58] . It is unknown whether P38 prevents AGO1 from being assembled into mature RISC or if it inhibits the silencing activity of programmed RISC. P38 also has the ability to bind siRNA and dsRNA [48] . It is not known whether the RNA binding activity of P38 plays a role in its binding of AGO1. Among the miRNAs whose accumulation is affected by TCV infection in a P38-dependent manner, that of miR162 is reduced, whereas the expression of its target gene DCL1 is enhanced [63] . Also, the expression of DCL4 and DCL3 is suppressed depending on the dramatically enhanced DCL1 levels, while DCL2 is not affected significantly [9, 58] , which explains why the 22-nt virus-derived siRNA is the major species present during TCV infection [7] .
Protein P1 from SPMMV interacts with AGO1 through three GW repeats located at N-terminal 383 amino acids. Point mutations in the GW repeats abolish both the binding to AGO1 and the VSR activity, indicating that AGO1 binding is essential for the VSR activity. P1 is co-fractionated with both AGO1 and host miRNAs in a high molecular weight (>670 kD) RISC-like complex. Furthermore, P1 inhibits the silencing activity of mature RISC that has been preloaded with either a host miRNA or viral siRNAs. It has been speculated that high-affinity binding of AGO1 by P1 may outcompete an essential endogenous GW/WG-con-taining component of RISC or prevent recognition of target RNA via loading of complementary siRNA onto RISC [59] .
P25 encoded by potato virus X (PVX) interacts with multiple members of the AGO family and promotes proteasome-dependent degradation of AGO1 [64] . P25 was one of the first identified VSRs and inhibits sense transgene or dsRNA-induced RNA silencing. P25 reduces the accumulation of both primary and secondary siRNA, but has no effect on the accumulation of endogenous miRNA and siRNA. Also, it inhibits systemic silencing, but does not inhibit the virus-induced gene silencing in locally-infected leaves [65, 66] . Co-IP assays indicate that P25 interacts with AGO1, AGO2, AGO3 and AGO4 but not AGO5 or AGO7. The level of AGO1 is reduced by the expression of P25, and the degradation of AGO1 is blocked by the proteasome inhibitor MG132 [64] . Because P25 does not affect the endogenous miRNA or siRNA, it has been speculated that P25 does not interfere with the programmed RISC. P25 also promotes virus movement, which is dependent on VSR activity [67] . It is not currently known whether P25 inhibits the local movement of silencing signals by targeting AGO1 to promote virus movement.
Another report revealed a new strategy for the suppression of antiviral silencing that is possibly ubiquitous in plant-virus interactions. The expression of miR168, which controls the expression of AGO1, is enhanced during the infection of CymRSV in a manner that is dependent on the expression of P19. The down-regulated protein level of AGO1 results from the up-regulated miR168. This phenomenon is also observed in some other virus infections [68, 69] . Because AGO1 is the major effector for miR-NA-induced silencing, the deficiency of AGO1 could possibly lead to the misregulation of miRNA targets, resulting in disturbed gene expression which can in turn result in the development of virus symptoms [6] . For example, P38-mediated inhibition of AGO1 modifies the cellular availability of the four Arabidopsis DCLs [58] .
VSRs interfere with secondary siRNA amplification
In RVI, RDR1 and RDR6 recognize viral RNAs to produce secondary vsiRNAs, which play an essential role in antiviral defense [13] [14] [15] .
Several lines of evidence have revealed that 2b from CMV suppresses the function of RDR6. Graft assays have shown that 2b blocks the long distance movement of systemic silencing signals and inhibits signal-inducing systemic silencing [70] . The 2b-defective mutant of CMV is defective in systemic infection of shoot apical meristems and leaf primordial [71] . The mutation of RDR6 promotes virus invasion of shoot apical meristems, and it has been shown that the spread of silencing signals between cells depends on RDR6 [72] . These results imply that 2b may inhibit the function of RDR6 to promote systemic virus infection, which has been confirmed by a recent study: the 2b-defective CMV mutant restores virus infection in rdr6 mutant plants, and the accumulation of vsiRNA is largely reduced [14] . This suggests that the 2b protein specifically inhibits the amplification of RDR6-dependent secondary vsiRNA, which is essential for antiviral defense. However, whether 2b binding to AGO1 and siRNA plays a role in its inhibition of secondary siRNA amplification remains to be revealed.
The V2 protein from tomato yellow curl leaf geminivirus-Israel (TYLCV-Is) may interfere with the amplification of secondary vsiRNA by interacting directly with SGS3 protein, which interacts with RDR6 and is involved in the RDR6-mediated silencing amplification pathway [73] [74] [75] [76] [77] . SGS3 protein consists of a Zinc-finger domain, a coiled-coiled domain and a plant-specific XS domain. SGS3 binds dsRNA with a 5′ ssRNA overhang by the coiledcoiled and XS domains [78] . An in vitro study has shown that V2 competes with SGS3 protein for binding dsRNA with a 5′ ssRNA overhang [78] . This finding might reveal a novel dsRNA intermediate formed during slicing, which is essential for SGS3/RDR6-dependent siRNA amplification in plants [79] . V2 protein may bind either SGS3 and/or the dsRNA intermediate to inhibit the dsRNA synthesis via the RDR6 pathway.
VSRs target other related proteins of RNA silencing
P6 protein of cauliflower mosaic virus (CaMV) inhibits transgene and virus-induced gene silencing and suppresses the accumulation of endogenous trans-acting siRNA, but has no effect on the accumulation of miRNA [80] . P6 has two α-importin-dependent nuclear localization signals. The VSR activity of P6 depends on its nuclear localization, implying that P6 suppresses the nuclear silencing components. P6 directly interacts with the dsRNA-binding protein DRB4, which is required for production of the DCL4-dependent 21-nt siRNA derived from endogenous TAS loci, exogenous transgenes and viral RNAs. The production of 21-nt siRNA by DCL4 is suppressed by P6, which is expressed from a stably integrated transgene [81] .
VSRs interfere with the epigenetic modification of the viral genome
Small RNAs not only guide post-transcriptional gene silencing by RNA degradation or translational repression but also guide TGS by DNA methylation. The single-stranded DNA geminivirus genome is methylated during infection, and viruses with methylated genomes are defective in replication and infection [82] [83] [84] . However, many suppressors from the Geminivirus family interfere with the biochemical pathway of DNA methylation [85] .
The AL2 protein encoded by tomato golden mosaic virus (TGMV) and the L2 protein encoded by beet curly top virus (BCTV) can reverse the established TGS. It reduces the host genome-wide cytosine methylation by interacting with and inactivating adenosine kinase (ADK) [86, 87] . ADK is an enzyme that catalyzes the conversion of adenosine into AMP, which sustains the S-adenosyl methionine (SAM) cycle [88] . By inhibiting ADK, AL2 and L2 block the SAM cycle, interfering with the epigenetic modification of the viral genome. The finding that in vitro methylated TGMV cannot replicate in protoplasts suggests that methylation of the viral genome could be a valid strategy for combating geminivirus infections [83] . AL2 also functions as a transactivator. AL2 and L2 cause ectopic expression of endogenous A. thaliana loci that are silenced by methylation. At some loci, this ectopic expression is correlated with the inhibition of ADK by AL2 and L2, but at one exceptional locus ADK inhibition is insufficient, and TGS reversal requires the transcriptional activation domain of AL2. The AL2 mutant protein lacking the transcriptional activation domain can still suppress dsRNA-induced RNA silencing [89] . Further investigation is needed to determine whether some genes that are transactivated by AL2 are involved in the immunity of viruses. However, the silencing of suppression and activation of transcription by AC2 from mungbean yellow mosaic virus (MYMV) and African cassava mosaic virus (ACMV) are functionally related, suggesting that some of the AC2-induced genes may control RNA silencing through an endogenous network [90] . C2 protein encoded by beet severe curly top virus (BSCTV) interacts with S-adenosyl-methionine decarboxylase (SAMDC) and attenuates the 26S proteasomemediated degradation of SAMDC1. SAMDC is an enzyme that catalyzes the conversion of SAM to decarboxylated S-adenosyl methionine (dcSAM). dcSAM shares similar radicals with SAM; therefore, dsSAM acts as a competitive inhibitor of SAM for methyltransferases. C2 suppresses de novo methylation of the host genome in C2 transgene plants. BSCTV carrying deficient C2 shows defects in infection and replication. C2 deficiency also causes enhanced methylation levels of the viral genome. Loss of function of SAMDC1 has a similar effect on virus infectivity and viral DNA accumulation as does BSCTV C2 deficiency. Overexpression of SAMDC1 suppresses the transgene-induced RNA silencing as well as C2. These results suggest that C2 protein prevents the viral genome from epigenetic modification, evading the host antiviral defense mechanism by attenuating the 26S proteasome-mediated degradation of SAMDC1 [84] .
Tomato yellow leaf curl China virus (TYLCCNV), belonging to the Old World begomoviruses, has the genome component DNA A. It acquires a satellite virus, TYLCCNB, whose genome is known as DNA β. DNA β encodes a single protein, βC1, which acts as a VSR and pathogenicity factor. Co-inoculation of TYLCCNB with TYLCCNV, or expression of βC1 protein, causes reduced methylation of both the genome of TYLCCNV and the host genome, and the reversal of TGS directed against a transgene and an endogenous locus. Yeast two-hybrid assays and BiFC assays show that βC1 interacts with S-adenosyl-L-homocysteine hydrolase (SAHH), which is required to maintain the SAM cycle. The SAM-dependent methylases use SAM as a substrate to transfer methyl groups to produce S-adenosyl homocysteine (SAH). SAH is hydrolyzed to homocysteine (Hcy) and adenosine by SAHH, and Hcy is then recycled back to reproduce SAM. βC1 inhibits SAHH activity in vitro, and the suppression of silencing of βC1 depends on the interaction with SAHH. These results suggest that βC1 interferes with the host defense process of DNA methylation-mediated gene silencing by inhibiting the reproduction of SAM [82] .
Future directions
Multiple mechanisms used in the silencing of suppression
Viral suppressors have been identified that target core components of RNA silencing, such as siRNA, AGO and DCL proteins. Some VSRs target multiple steps in the RNA silencing pathway. P38 binds AGO1 to interfere with the AGO1-dependent homeostatic network in which the expression of DCL4 and DCL3 is regulated [58] . One recent study revealed that the expression pattern of endogenous miRNA/miRNA* is changed greatly during the infection of rice stripe virus (RSV). The accumulation of rice miRNA*, but not the corresponding miRNA, as well as phased siRNA from a particular precursor, is enhanced during RSV infection. RSV infection also induces the expression of novel miRNA in a phased pattern from several conserved miRNA precursors [69] . This finding suggests the possibility that VSR may interfere with the gene regulation network that controls core elements of the RNA silencing pathway. The multiple mechanisms of many VSRs remain to be discovered, and there are still unknown elements in the RNA silencing pathway. For example, two kinds of RISCs with molecular weights of 150 and 670 kD have recently been found in plants, but little is known about the mechanisms of assembly or the possible components of the two kinds of RISCs, which could also be potential targets of VSRs.
The functions of VSRs in promoting the spread and replication of viruses
VSRs help viruses escape host immunity by inhibiting RNA silencing. The mechanisms of the suppression of silencing are analyzed by transient expression systems or stable transgene expression systems. However, these expression systems do not reflect the natural expression during virus infection, because the natural expression of VSRs is restricted to virus-infected tissues and compartments and is limited by the virus life cycle. Only a few VSRs with roles in virus infection and replication have been identified. For example, the 2b-deletion mutant of CMV cannot infect wild type A. thaliana, but can infect dcl2/4, rdr1/6, ago1, and ago2 mutant plants [8, 14, 15] . The silencing suppressor HC-Pro-deficient mutant of turnip mosaic virus (TuMV) also restores systemic infection in dcl2/4 and rdr1/6 mutant plants [13] . P19-deficient mutants of CymRSV accumulate only in the vascular bundles and exhibit defects in invading the surrounding tissues, suggesting that blocking the local movement of RNA silencing by P19 is essential for systemic virus infection [33] . Many VSRs have multiple functions in the virus life cycle. For example, the VSRs P25 and HC-Pro are also movement proteins for the virus. The separate analysis of their silencing suppressor activities can lead to misinterpretations; therefore, it is essential to analyze VSRs in their natural virus environments.
VSRs and pathogenic determinants
The antiviral and endogenous RNA silencing pathways share some common elements, which are the targets of VSRs. VSRs have been shown to interfere with the endogenous RNA silencing pathway, which is responsible for the regulation of development. The expression of many VSRs in transgenic plants leads to abnormal developmental phenotypes that mimic virus symptoms [9193]. It is currently thought that VSRs are the pathogenic determinants that are largely responsible for virus-induced symptoms. However, the effect of transgenic expression of VSRs on endogenous silencing pathways does not reflect the effects of virus infection because the expression patterns of VSRs under these conditions are different. The 2b-deletion mutant of CMV and HC-Pro-deficient TuMV restore infection and develop symptoms in the dcl2/3/4 triple mutant plants, suggesting that virus symptoms are not due to the expression of VSRs [8] . A recent report revealed that a siRNA derived from the Y satellite virus of CMV targets the host CHL1 gene, leading to the down-regulation of CHL1 gene and development of mosaic symptoms [94] . The mechanism of virus-induced symptoms requires further investigation.
The effect of VSRs on systemic RNA silencing
In plants, worms (Caenorhabditis elegans), insects (Tribolium) and Planaria, RNA silencing is associated with the production of a mobile signal that travels from cell-to-cell and also over long distances. The systemic RNA silencing in plants is established in two steps. Initially, the silencing signal moves into adjacent cells, referred to as local movement of RNA silencing. Second, the silencing signal moves between different organs. This step is referred to as systemic movement of RNA silencing and requires the silencing signal to be loaded into the vascular system, transported and then unloaded in the recipient tissue or cells [95] . Recent studies have identified that 21-nt and 24-nt siRNA are mobile and direct systemic RNA silencing [34, 96, 97] .
As early as 1928, people observed that the development of ringspot symptoms on the upper leaves of tobacco plants infected with tobacco ringspot virus (TRSV) gradually declined, and the top leaves appeared perfectly normal. This "recovery" phenomenon is due to the inhibition of the virus by systemic RNA silencing, which is induced by the spreading of an RNA silencing signal from the inoculated leaves to the upper leaves. This finding suggests the essential role of systemic RNA silencing in antiviral defense. However, the mechanisms of VSRs in inhibiting systemic RNA silencing are not fully understood [95] .
The VSRs that bind siRNA have been shown to interfere with the movement of the silencing signal. P19 blocks the local movement of the silencing signal by binding DCL4-dependent 21-nt siRNA, which is essential for systemic virus infection [34] . 2b protein inhibits the systemic movement of RNA silencing either by binding dsR-NA/siRNA or inhibiting the slicer activity of AGO1 [25, 42, 70] .
P25 protein also inhibits the systemic movement of RNA silencing, but the mechanism is unclear [65] . P25, which promotes the cell-to-cell movement of PVX, is associated with its silencing suppression activity [67] . It remains to be investigated whether the interference of P25 with the local movement of the RNA silencing signal promotes the cell-to-cell movement of virus. One recent study showed that virus-encoded multiple VSRs are responsible for suppressing different steps of RNA silencing. Of the two VSRs encoded by potato virus M (PVM), the cysteine-rich protein (CRP) enhances the accumulation of the viral genome in protoplasts and promotes the cell-to-cell movement of virus by inhibiting the local movement of RNA silencing. Another VSR, the triple gene block protein1 (TGBp1), does not have an effect on the accumulation of the viral genome in protoplast but is essential for systemic infection by the virus [98] .
Many viruses are excluded in the shoot apical meristems. RDR6 participates in preventing meristem invasion by viruses [72] . The stable expression of Pns10 from rice dwarf virus leads to decreased expression of RDR6 and enhances virus infection and invasion of shoot apical meristems in Pns10-transgenic N. benthamiana plants [51, 99] . These findings suggest that a mechanism of systemic RNA silencing in the meristem could involve RDR6-dependent secondary siRNA amplification. However, there is very little information about RNA silencing in the meristem. In the process involving RDR6, it is not clear whether the long ssRNA or dsRNA would be transported into meristem as the substrate of RDR6, or in which form RNA would move long distances in plants. Another important issue is to resolve which proteins, apart from RDR6, are involved in systemic RNA silencing. Apart from binding dsR-NA/siRNA, the mechanism by which VSRs inhibit systemic RNA silencing remains to be discovered [95] .
